Dolinsky VW, Rogan KJ, Sung MM, Zordoky BN, Haykowsky MJ, Young ME, Jones LW, Dyck JR. Both aerobic exercise and resveratrol supplementation attenuate doxorubicin-induced cardiac injury in mice. Am J Physiol Endocrinol Metab 305: E243-E253, 2013. First published May 29, 2013; doi:10.1152/ajpendo.00044.2013.-Because doxorubicin (DOX)-containing chemotherapy causes left ventricular (LV) dysfunction and remodeling that can progress to heart failure, strategies to alleviate DOX cardiotoxicity are necessary to improve health outcomes of patients surviving cancer. Although clinical evidence suggests that aerobic exercise training (ET) can prevent cardiotoxicity in patients undergoing DOX chemotherapy, the physiological mechanisms involved have not been extensively studied, nor is it known whether compounds [such as resveratrol (RESV)] have similar beneficial effects. With the use of a murine model of chronic DOX exposure, this study compared the efficacy of modest ET to RESV treatment on exercise performance, LV remodeling, and oxidative stress resistance. Mice were divided into four groups that received saline, DOX (8 mg/kg ip, one time per week), DOX ϩ RESV (4 g/kg diet, ad libitum), and DOX ϩ ET (45 min of treadmill exercise, 5 days/wk) for 8 wk. LV function and morphology were evaluated by in vivo echocardiography. DOX caused adverse LV remodeling that was partially attenuated by modest ET and completely prevented by RESV. These effects were paralleled by improvements in exercise performance. The cardioprotective properties of ET and RESV were associated with reduced levels of atrial natriuretic peptide and the lipid peroxidation by-product, 4-hydroxy-2-nonenal. In addition, ET and RESV increased the expression of cardiac sarcoplasmic/endoplasmic reticulum calcium-ATPase 2a, superoxide dismutase, mitochondrial electron transport chain complexes, and mitofusin-1 and -2 in mice administered DOX. Compared with modest ET, RESV more effectively prevented DOX-induced LV remodeling and was associated with the reduction of DOX-induced oxidative stress. Our findings have important implications for protecting patients against DOX-associated cardiac injury. cardiotoxicity; exercise; oxidative stress; resveratrol SURVIVAL OF CANCERS HAS IMPROVED with advancement in screening and therapy over the last four decades (6). Anthracyclinecontaining chemotherapies [e.g., doxorubicin (DOX)] have broad-spectrum anti-tumor activity, making DOX central for the treatment of several types of cancer, such as breast, ovarian, lymphoma, and multiple myelomas (50). However, DOX may trigger dose-dependent, cumulative, and progressive left ventricular (LV) remodeling (e.g., cavity dilation and decreased global systolic function) that may progress to heart failure (33, 34, 42, 48). The incidence of heart failure in modern adjuvant trials with DOX-containing regimens is 0 -2.1% (46), with corresponding rates of asymptomatic LV systolic dysfunction between ϳ30 and 50% (28, 33). The onset of cardiotoxicity is clinically important because chemotherapy is withheld when LV ejection fraction (LVEF) falls below the lower limit of normal (i.e., 50% or Ͼ10% absolute decrease from baseline) (15). Because of the anti-cancer benefits of DOX, strategies to alleviate its cardiotoxic side effects are necessary to improve the quality of life for these patients.
failure (33, 34, 42, 48) . The incidence of heart failure in modern adjuvant trials with DOX-containing regimens is 0 -2.1% (46) , with corresponding rates of asymptomatic LV systolic dysfunction between ϳ30 and 50% (28, 33) . The onset of cardiotoxicity is clinically important because chemotherapy is withheld when LV ejection fraction (LVEF) falls below the lower limit of normal (i.e., 50% or Ͼ10% absolute decrease from baseline) (15) . Because of the anti-cancer benefits of DOX, strategies to alleviate its cardiotoxic side effects are necessary to improve the quality of life for these patients.
While research has suggested that the development of DOXinduced cardiotoxicity is multifactorial in nature (37, 54) , the majority of studies support the involvement of increased oxidative stress due to increased levels of reactive oxygen species (ROS) as contributing to DOX-induced cardiotoxicity (39) . Mitochondria are a major source of ROS, and data indicate that DOX causes disruption of the electron transport chain (3) that results in impaired mitochondrial function and increased ROS production. Therefore, strategies aimed at reducing ROS and improving mitochondrial function could prevent and/or halt the progression of DOX-induced cardiotoxicity and significantly improve the long-term survival of chemotherapy patients. Interestingly, aerobic exercise training (ET) augments mitochondrial function, in part by reducing ROS levels and increasing mitochondrial biogenesis (reviewed in Ref. 1) . Moreover, long-term ET reduces ROS levels in muscle (1) , suggesting that ET may assist with lessening DOX-induced cardiotoxicity.
Consistent with the beneficial effects associated with exercise in DOX-treated patients, clinical evidence suggests that ET may prevent LV dysfunction and improve exercise performance in patients undergoing chemotherapy (22, 23, 53) . Despite this benefit, the improvement in aerobic capacity in patients undergoing adjuvant therapy is small (23) , a finding due in part to low adherence with programs of exercise (19) . As such, pharmaceutical agents or nutritional supplements that possess similar biological benefits as ET should provide significant clinical value. Of importance, the naturally occurring polyphenol resveratrol (RESV) has recently been shown to both mimic (26) and augment ET (11) via improving LV function and increasing skeletal muscle mitochondrial biogenesis and fatty acid oxidation. Similar to ET, RESV also reduces ROS production in the hearts of several animal models (9, 44, 45) . Based on these findings, we performed the first study to directly compare the effects of modest ET to RESV on DOXinduced cardiotoxicity, exercise performance, and markers of mitochondrial function and oxidative stress resistance.
Unlike several recent studies that have used supraclinical dosages of DOX to investigate mechanisms of DOX-induced cardiotoxicity (24, 43, 53, 55) , we used a clinically relevant chronic DOX dose regime in our mouse model to mimic chemotherapy of breast cancer patients. Herein, we show that DOX induced a significant decline in LVEF, whereas modest ET attenuated and RESV completely prevented this. Both modest ET and RESV improved exercise tolerance in the setting of DOX-induced cardiotoxicity. These favorable adaptations were associated with reduced levels of lipid peroxidation and enhanced antioxidant defenses in both ET and RESV mice. Furthermore, in mice undergoing DOX treatment, modest ET and RESV preserved the expression of mitochondrial electron transport chain complexes and stimulated the expression of mitochondrial fusion proteins mitofusin-1 and -2, which may be necessary for a healthy mitochondrial environment (2) . As such, modest ET and/or administration of RESV to patients receiving DOX-based therapies may provide significant benefit by reducing the risk for chemotherapy-induced LV dysfunction.
MATERIALS AND METHODS

Materials.
Most antibodies used in this study were purchased from Cell Signaling Technology or Santa Cruz Biotechnology. The mitofusin-1 antibody was from the University of California-Davis/NIH NeuroMab Facility, and the mitofusin-2 antibody was from Sigma. Most other reagents and chemicals were purchased from Sigma. RESV was purchased from Lalilab (Durham, NC).
Animal care. All animals and procedures were conducted in accordance with the University of Alberta Animal Policy and Welfare Committee. Eight-week-old female C57BL6 mice were purchased from Charles River Laboratories (Pointe-Claire, QC). Before randomization, all mice were lightly exercised on the treadmill (10 m/min) for 30 min/day for 5 days to acclimatize them to the treadmill so as not to bias the final endurance test. Mice were under a 12:12-h light-dark cycle (0600 -1800) and had free access to drinking water and food. Following acclimatization, at 10 wk of age, the mice were randomly assigned to one of four groups (n ϭ 9 -11/group): 1) sedentary and treated with saline (CON), 2) sedentary and treated with doxorubicin (DOX), 3) aerobic training together with doxorubicin treatment (DOX ϩ ET), and 4) sedentary and treated with doxorubicin and resveratrol (DOX ϩ RESV). Mice were permitted ad libitum consumption of either an AIN93G standard chow diet or an AIN93G standard chow diet that was supplemented with 4 g RESV/kg of diet (Dyets, Bethlehem, PA), a dosage that is equivalent to ϳ320 mg RESV·kg Ϫ1 ·day Ϫ1 . The dosage of RESV was consistent with previous studies (11, 13) . The CON group received weekly intraperitoneal injection of 0.9% saline. DOX (Adriamycin hydrochloride; Sigma Aldrich Canada, Oakville, ON) was administered via weekly intraperitoneal injections of 8 mg·kg Ϫ1 ·wk Ϫ1 for a total of 4 wk. The sedentary animals were handled daily. Aerobic ET was performed between 0900 and 1200 and consisted of progressive treadmill running up to 18 m/min at 0% grade for 45 min 5 days/wk for 8 wk on a motorized treadmill (EXER 3/6; Columbus Instruments, Columbus, OH) as previously described (11) . ET began at 10 m/min, 0% grade, for 10 min before the first DOX injection and was systematically increased until the desired exercise intensity was achieved. Fortyeight hours after the final exercise session, all mice were killed. Organs of interest were excised and snap-frozen in liquid nitrogen and stored at Ϫ80°C for biochemical analysis.
Test of exercise capacity. Exercise tests were performed by a technician blinded to the identity of the mice. A motorized treadmill (EXER 3/6; Columbus Instruments) equipped with electrical stimulation (0.25 mA, 1 Hz for 200 ms in length) was used according to the following protocol: 10 m/min for 1 min, 11 m/min for 1 min, 12 m/min for 1 min, 13 m/min for 2 min, 15 m/min for 5 min, 17 m/min for 5 min, and 20 m/min until fatigue. The test was terminated when animals were unwilling to run despite Ͼ30 total seconds at the beginning of the treadmill and were unmotivated to run despite repeated prodding by an air puff. Exercise capacity is defined as the total amount of time to reach fatigue and the distance covered.
In vivo LV function and morphology. Transthoracic echocardiography was performed by an experienced and blinded research animal echocardiographer, using the 30-MHz transducer (RMV-716; Visual Sonics, Toronto, ON) as previously described (12) . Mice were mildly anesthetized (sedated with 3% isofluorane and 1.0 l/min oxygen and maintained at 1-1.5% isofluorane and 1 l/min oxygen). Rodent paws were taped to ECG metal strips on a mouse-handling platform (P/N 11437; Visual Sonics) to obtain ECG tracings simultaneously with the cardiac images. Two-dimensional M-mode recordings were obtained by transthoracic echocardiography short-axis views at the level of the papillary muscles, and standard calculations using this view were made. Ventricular dimensions were obtained from M-mode measurements of at least three to six cardiac cycles, and percent ejection fraction and percent fractional shortening were determined. Doppler tissue imaging from the apical four-chamber view was used to assess mitral valve annular velocities, E= and A=. In addition, pulse wave Doppler of the mitral E and A wave velocities were taken from the four-chamber view.
Blood pressure measurements. Noninvasive systolic blood pressure measurements were made in conscious restrained mice using a tailcuff system with a temperature and sound-controlled environment (IITC Life Science) as previously described (52) . These noninvasive systolic blood pressure measurements have also been validated by radiotelemetry (52) . After 3 days of training in the same restrainer used for the blood pressure measurements, each mouse was assessed between 0900 and 1200, a minimum of four times per session.
Analysis of mouse tissues. Mice were sacrificed with an intraperitoneal injection of euthanyl (0.2 ml/kg body wt) at 18 wk of age. Tissues were homogenized, and the protein concentration was assayed using Bradford protein reagent. Protein (15-20 g) was used for SDS-PAGE and transferred to nitrocellulose. Membranes were immunoblotted with antibodies and visualized using the Perkin-Elmer enhanced chemiluminescence Western blotting detection system. Citrate synthase activity was measured in freshly made soleus muscle homogenates (1:20 dilution) using oxaloacetate (0.1 mM final concentration) as the substrate.
Quantification of HNE-protein adduct. HNE-protein adducts were quantified from plasma and frozen mouse heart samples using the commercially available ELISA (Cell Biolabs, San Diego, CA) according to instructions of the manufacturer.
Statistical analysis. Results are presented as means Ϯ SE. Endpoints were analyzed using a one-way ANOVA, and Bonferroni multiplecomparison's tests were performed post hoc to compare differences between experimental groups. A probability value of Ͻ0.05 was considered significant.
RESULTS
DOX caused pathological LV remodeling in mice.
To mimic DOX-induced cardiotoxicity observed in breast cancer patients, we established a murine model of chronic DOX exposure in which female mice were subjected to weekly DOX (8 mg·kg Ϫ1 ·wk Ϫ1 ) or placebo (CON) (0.9% saline) for 4 wk. This DOX dose and schedule has been reported to cause progressive LV remodeling in mice (30) . Furthermore, because the incidence of heart failure in modern adjuvant trials with DOXcontaining regimens is Ͻ2.1% (46), we chose this mouse model that would reduce LV systolic function and not cause congestive heart failure as characterized by pulmonary edema. That said, because LV dysfunction decreases life expectancy in humans (49) , this is a clinically important phenotype induced by DOX exposure.
In this model, DOX prevented body weight gain (P Ͻ 0.05; Table 1 ) and reduced heart weight and heart weight-to-tibia length (HW/TL) ratios (P Ͻ 0.05; Fig. 1C ). Atrophy does not appear to be involved in this observation since cardiomyocyte cross-sectional area was not reduced in the hearts of the DOX-treated mice (data not shown). Furthermore, these differ- ences cannot be attributed to altered food intake since the amount of food consumed was similar across the groups of mice (data not shown). Although we do report a very minor thinning of the LV in DOX-treated mice (P Ͻ 0.05; Fig. 1D ), we currently have no evidence to explain why this occurs. Furthermore, significant differences in TL were not observed ( Table 1 ), suggesting that growth of the mouse was not impaired. Both the systolic LV internal dimension (LVIDs) and LV end-systolic volume (LVESV, P Ͻ 0.05; Table 1 and Fig. 1 , C and D) were significantly increased in the hearts of the DOXtreated mice, although the diastolic LV internal dimension (LVIDd) and LV end-diastolic volume (LVED) were not significantly affected by DOX. These findings together with the markedly reduced LVEF (P Ͻ 0.05; Fig. 1E ) indicate that DOX impaired cardiac contractility in the mice. In addition, DOX reduced systolic blood pressure (P Ͻ 0.05; Table 1 ) and heart rate (P Ͻ 0.05; Table 1 ), likely because of insufficient cardiac output (P Ͻ 0.05; Table 1 ) necessary to maintain systolic blood pressure. Because the echocardiographic measures were performed on anesthetized mice, the absolute values of the heart rate and fractional shortening were lower than would be expected in conscious mice. Nevertheless, all groups were treated similarly, and the comparisons across groups as well as to the baseline state are appropriate. That said, it is uncertain whether these results can be directly extrapolated to the conscious state in the absence of anesthesia.
DOX-induced LV remodeling is partially attenuated by ET in mice.
To mimic the modest level of exercise that would be expected from a patient undergoing chemotherapy and to characterize the efficacy of this ET during concurrent DOX treatment, mice performed 45 min of forced treadmill ET (i.e., a combination of electrical stimulation and an air puff to encourage the mice to run) 5 days/wk for a total of 8 wk, at a speed of 18 m/min, throughout the DOX treatment. The addition of modest ET to the DOX regimen did not alter the reduction of body weight in the mice, although ET did partially attenuate the reduced systolic blood pressure (Table 1 ). In addition, ET prevented several features of DOX-induced cardiotoxicity, including reduced LVESV (P Ͻ 0.05; Fig. 1B ) and LVIDs (P Ͻ 0.05; Table  1 ). Because our ET protocol was modest, it did not produce a significant endurance ET effect, and thus the LVIDd and LVED were not significantly affected. DOX ϩ ET also attenuated the DOX-induced reduction of systolic LV posterior wall (LVPWs, P Ͻ 0.05; Fig. 1D ), although DOX ϩ ET did not prevent the reduced HW/TL ratio (Fig. 1C) . Nevertheless, DOX ϩ ET partially attenuated the DOX-induced alterations in LV systolic (LVEF; Fig. 1E ) and diastolic (E=/A=; P Ͻ 0.05; Fig. 1F ) function.
DOX-induced LV remodeling is prevented by RESV in mice. To determine whether RESV provided similar benefits as modest ET in DOX-treated mice, we also treated mice with RESV for the entire duration of the DOX treatment (DOX ϩ RESV). Even though DOX ϩ RESV did not prevent the reduction of body weight compared with the DOX mice, DOX ϩ RESV attenuated the DOX-induced reduction of systolic blood pressure (Table 1) . Remarkably, RESV completely prevented the increase of DOXinduced LVESV and LVIDs (P Ͻ 0.05; Fig. 1B and Table 1 ) in the mice. Interestingly, hearts from DOX ϩ RESV-treated mice had a reduced HW/TL ratio compared with CON mice (P Ͻ 0.05; Fig. 1C ). DOX ϩ RESV prevented the reduced LVPWs (P Ͻ 0.05; Fig. 1D and Table 1 ) and systolic intraventricular septum (P Ͻ 0.05; Table 1 ) observed in the hearts of DOX-treated mice, and these values were similar to the CON group. Importantly, RESV markedly improved LVEF in DOX-treated mice (P Ͻ 0.05; Fig. 1E ). In addition, the hearts of the DOX ϩ RESV also had a higher E= velocity and an improved ratio of E=/A= (P Ͻ 0.05; Fig. 1F and Table 1 ) compared with the DOX mice, although RESV did not significantly affect other measures of diastolic function such as E/E= and mitral E/A (Table 1) . Taken together, these data suggest that RESV improves systolic function (i.e., increases LVEF) in hearts of DOX-treated mice to an extent that exceeds the benefits provided by modest ET (P Ͻ 0.05; Fig. 1E) .
DOX-induced impairment in exercise capacity is prevented by modest ET and RESV supplementation in mice.
Because echocardiography revealed that modest ET partially attenuated the DOX-induced decline in cardiac function under resting conditions, we next determined whether ET also improved coordinated cardiovascular endurance. To do this, we subjected mice to a forced test of exercise capacity on a motorized treadmill to assess time to fatigue and total distance, as described previously (11) . Citrate synthase activity was significantly increased in the soleus muscle tissue of DOX ϩ ET and DOX ϩ RESV mice (P Ͻ 0.05; Fig. 2A ), indicating that these interventions increased skeletal muscle oxidative capacity. Surprisingly, even with the impairment in LV function with DOX administration, neither time to fatigue (Fig. 2C) nor total distance to fatigue (Fig. 2B ) was lower in DOX-treated mice compared with the CON group. However, modest ET during DOX treatment (DOX ϩ ET) resulted in significant improvements in exercise performance compared with DOX or CON groups (P Ͻ 0.05; Fig. 2, B and C) , suggesting that modest ET could improve exercise performance even in the presence of DOX. Although chronic ET is widely established as one of the most effective interventions to augment aerobic capacity in mammals, the effects of modest ET on exercise capacity in mice undergoing DOX treatment have not been shown previously. Together, our findings implicate modest ET as a method to prevent DOX-induced damage to the cardiac and skeletal muscle and potentially the whole oxygen cascade involving the integration of heart, blood, vasculature, and skeletal muscle. Although modest ET during DOX treatment preserved LVEF in mice (P Ͻ 0.05; Fig. 1E ) and improved exercise performance, adherence to an equivalent program of ET by patients undergoing chemotherapy may be difficult and may not be of sufficient intensity to observe benefit (19) . Therefore, because RESV mimics many of the benefits of ET, we investigated whether the addition of RESV to the diets of mice undergoing treatment with DOX was sufficient to improve exercise performance. Interestingly, DOX ϩ RESV significantly increased time to fatigue (P Ͻ 0.05; Fig. 2C ) and distance to fatigue (P Ͻ 0.05; Fig. 2B ) compared with DOX or CON groups. Collectively, these data demonstrate that modest ET and/or RESV can significantly improve exercise performance even in the presence of DOX.
Reduced expression of molecular markers of cardiac dysfunction and oxidative stress in DOX-treated mice following ET and RESV.
The cardiac levels of atrial natriuretic peptide (ANP), a gene that is expressed in response to increased afterload or cardiac injury, was increased by DOX compared with the CON group (P Ͻ 0.05; Fig. 3A) . Notably, the cardiac expression of ANP was reduced in both the DOX ϩ ET and DOX ϩ RESV groups compared with the DOX mice (P Ͻ 0.05; Fig. 3A) . Consistent with the reduction of the expression of the calcium transporter, sarcoplasmic/endoplasmic reticulum calcium-ATPase (SERCA) 2a, being associated with reduced contractility in cardiomyopathies (32), we observed that SERCA2a expression was significantly lower in DOX relative to CON (P Ͻ 0.05; Fig. 3B ). However, DOX ϩ ET and DOX ϩ RESV partially prevented the decline of SERCA2a expression (Fig. 3B) . Collectively, these data suggest that ET and RESV supplementation could attenuate alterations of gene expression and possibly impaired calcium handling associated with DOXinduced cardiotoxicity.
DOX-induced ROS is a central cause of cardiac injury associated with DOX-mediated cardiotoxicity (39) . Consistent with this notion, concentrations of 4-hydroxy-2-nonenal (HNE), an established molecular biomarker of ROS activity (27) , were significantly elevated in both the circulation (P Ͻ 0.05; Fig. 4A ) as well as the hearts (P Ͻ 0.05; Fig. 4B ) of DOX mice compared with CON mice. Although chronic ET reduces ROS levels (1), it was not known whether these findings extend to mice undergoing modest ET in the presence of DOX. However, our results indicated that both serum and cardiac levels of HNE were significantly lower in the DOX ϩ ET group relative to DOX and in the case of HNE levels in the heart, were comparable to levels in the CON group (P Ͻ 0.05; Fig. 4, A  and B) . Consistent with the antioxidant properties associated with RESV, serum levels of HNE were also significantly lower in the DOX ϩ RESV group relative to DOX (P Ͻ 0.05; Fig.  4A ). Likewise, HNE levels were markedly lower in the hearts of DOX ϩ RESV mice relative to DOX and were similar to the CON group (P Ͻ 0.05; Fig. 4B ).
To further investigate the mechanisms responsible for the reduced HNE levels in the hearts of DOX-treated mice undergoing concurrent ET or RESV treatment regimens, we measured the expression of uncoupling protein 3 (UCP3) in the hearts, since UCP3 could be a potential source of ROS. Interestingly, compared with CON, DOX increased UCP3 protein expression (P Ͻ 0.05; Fig. 4C ), although neither ET nor RESV significantly affected UCP3 expression compared with DOX-treated mice (Fig. 4C) . On the other hand, cardiac manganese superoxide dismutase (MnSOD) protein expression was reduced in the DOX group compared with CON (P Ͻ 0.05; Fig. 4D ). MnSOD expression was approximately threefold higher in the DOX ϩ ET group compared with DOX (P Ͻ 0.05; Fig. 4D ). However, in DOX ϩ RESV mice, MnSOD expression was maintained at CON levels (Fig. 4D) . Interestingly, the expression of other antioxidant defense enzymes such as glutathione-S-peroxidase (GSHPx1) and catalase were not altered in the hearts from all groups of mice (Fig.  4, E and F) . Furthermore, we did not observe changes in the expression of MnSOD, GSPHx, or catalase in soleus muscle tissues of the mice in this study (Fig. 4, G-I) . Collectively, these data indicate that modulation of oxidative stress and MnSOD expression in the heart may be key factors underlying protection against DOX-induced cardiac injury and that ET and RESV appear to have overlapping although not identical mechanisms of action with respect to modifying these factors. Although both exercise and RESV have been reported to activate the AMP-activated protein kinase (AMPK) in the heart, we did not observe changes in AMPK phosphorylation at its activation site (Thr 172 ) (Fig. 5A ). In addition, the expression of the silent information regulator of transcription (SIRT)-1 was not significantly changed across all the groups of mouse hearts (Fig. 5B) . Because impaired mitochondrial function has been suggested to be a crucial factor in the pathogenesis of DOX-induced cardiotoxicity, we measured the expression of the electron transport chain complexes in cardiac tissue from all groups of mice. While DOX treatment caused a significant reduction in the cardiac protein levels of complexes I and II (P Ͻ 0.05; Fig. 5C ), both the DOX ϩ ET and the DOX ϩ RESV groups had similar levels of expression of the electron chain complexes as the CON group. This was likely not due to alterations in mitochondrial numbers since changes in the mRNA expression of genes encoded by the mitochondrial ET and RESV increase levels of mitochondrial complexes and fusion proteins in DOX-treated mice. Cardiac levels of phosphorylated (P) AMP-activated protein kinase (AMPK) at T172 were quantified by densitometry and normalized against total AMPK (A); silent information regulator of transcription-1 (SIRT1) protein was quantified by densitometry and normalized against tubulin (B); mitochondrial electron transport chain complexes in the mouse heart (C); cytochrome c oxidase (COX)-II mRNA levels (D); COX-IV mRNA levels (E); mitofusin-1 protein was quantified by densitometry and normalized against tubulin (F); mitofusin-2 protein was quantified by densitometry and normalized against tubulin (G). Values are means Ϯ SE (n ϭ 9-10). *P Ͻ 0.05, value for difference vs. CON group; §P Ͻ 0.05, value for DOX vs. DOX ϩ ET or DOX ϩ RESV groups.
genome were not observed (Fig. 5, D and E) . Because a major adaptation to exercise is the improvement in mitochondrial fusion, we also measured the levels of the mitochondrial fusion proteins mitofusin-1 and -2. Whereas DOX did not alter cardiac levels of mitofusin-1 and -2, the addition of ET or RESV to the DOX treatment regimen was sufficient to increase the expression of both mitofusin-1 and -2 (Fig. 5, F and G) , suggesting that these adaptations may contribute to improved mitochondrial function and ultimately contractility in the hearts of mice undergoing DOX treatment.
DISCUSSION
DOX-containing chemotherapies are cardiotoxic and can cause LV dysfunction and progressive LV remodeling, which may ultimately progress to heart failure (33, 34, 42, 48) . Clinically, the consequence of impaired LV function in chemotherapy patients is an inability to perform the activities of daily living (7) . Because many patients are living longer after the diagnosis and treatment of their cancer, strategies to alleviate the cardiotoxic side effects of DOX are of extreme clinical importance.
This study is the first to directly compare the efficacy of modest ET with RESV supplementation for the protection against DOXinduced cardiotoxicity. While both modest ET and RESV prevented DOX-induced LV dysfunction, the results of this study demonstrate for the first time that RESV improves cardiac contractility and LVEF during DOX treatment beyond those achieved by modest ET alone. Consistent with previous rodent studies (5, 21, 29, 30, 54) , we show that chronic DOX treatment significantly decreased global LV systolic and diastolic function (e.g., decreased LVEF and E=/A= ratio, respectively). Several mechanisms have been proposed to explain the cardiotoxic side effects of DOX, including cardiomyocyte apoptosis, myofibrillar damage, impaired calcium handling, impaired mitochondrial activities, and increased generation of ROS (37) . In this study, we observed that DOX elevated HNE and inhibited SERCA2a expression and that these changes were associated with cardiac dysfunction. Given that ROS can cause alterations in calcium homeostasis and DOX stimulates calcium release and inhibits sarcoplasmic reticulum calcium reuptake (32) , our data suggest that these two major factors could contribute to systolic and diastolic dysfunction in our chronic DOX model of LV dysfunction. Therefore, modest ET or RESV may act to reduce DOX-induced cardiotoxicity by targeting several of these cellular processes and pathways.
Aerobic ET and not strength training has been well documented to attenuate pathological LV remodeling and improve exercise tolerance in patients with heart failure (18, 41, 51) . Aerobic ET also provides a safe cardioprotective intervention for DOX-induced cardiotoxicity without reducing the antitumor efficacy of DOX (22) . Several studies have demonstrated that ET before acute DOX administration improves LV systolic and diastolic function in rodents (5, 21, 53) . However, the molecular mechanisms underlying the effects of ET in DOXinduced cardiac dysfunction are incompletely understood. What is known is that ET protects the heart against ROS by enhancing the antioxidant pathways (1) and improves calcium handling (25) . ET has also been shown to mitigate DOXinduced ROS production (24) . In agreement with these effects of ET, we show that modest ET reduced DOX-induced production of HNE, likely via increased MnSOD expression.
Consistent with the finding that ET increased the expression of the cardiac calcium transporter SERCA2a (25), we showed that modest ET also increased SERCA2a expression in DOXtreated mice. Thus, we suggest that modest ET-induced improvements in these pathways may play a major role in the cardioprotection afforded by ET against DOX-induced cardiotoxicity.
RESV mimics the improved cardiovascular functions and exercise performance associated with ET through targeting similar molecular pathways (11) . RESV has been reported to stimulate SIRT1 and AMPK signaling pathways (10) . While some recent studies suggest that DOX inhibits SIRT1 and AMPK in the hearts of male Wistar rats (16, 55) and cultured cells (4), we did not detect changes in AMPK phosphorylation and SIRT1 expression in the hearts of DOX-treated female mice. These differences could be attributed to the differences in species/models used in these different studies as well as the acute supraclinical dosages of DOX used in previous studies (4, 16, 55) compared with the chronic clinically relevant DOX treatment regimen used in this study. Although it is beyond the scope of the current study to test all of the possible mechanisms responsible for the cardioprotective effects of RESV, it has been shown that RESV regulates nuclear factor-kB and the levels of inflammatory cytokines (36, 38) . We speculate that RESV could also prevent DOX-induced cardiotoxicity through blocking the inflammatory pathways that are induced in heart failure, although further experimentation is required to confirm this.
Although AMPK and SIRT1 do not appear to be involved in the protective effects of RESV, we did observe that RESV attenuated DOX-induced production of ROS by-products (i.e., HNE). We speculate that several mechanisms could be responsible for this observation. For example, RESV may increase the expression of enzymes involved in oxidative stress resistance. In agreement with this, we observed that RESV attenuated inhibition of MnSOD expression by DOX. These results are in line with previous findings that showed that the ability of RESV to prevent DOX-induced cardiac dysfunction in rats involved increased antioxidant defenses (8, 43) . DOX also increased cardiac UCP3 expression, suggesting that UCP3 could be a potential source of ROS. However, neither DOX ϩ ET nor DOX ϩ RESV attenuated the DOX-induced increase in cardiac UCP3 expression (Fig. 4C) ; therefore, changes in UCP3 expression did not explain the reduction of HNE levels by ET and RESV.
In addition to inducing oxidative stress resistance, ET and RESV improve mitochondrial function in healthy rodents (1, 11, 26) . In agreement with this, we observed that ET and RESV attenuated the reduction of electron transport chain complexes I and II in the DOX-treated mice. Whereas these interventions did not increase mitochondrial numbers, ET and RESV did markedly increase the expression of mitofusin-1 and -2, which are required for the formation of a dynamic mitochondrial network (2) . Although all of the potential effects on the mitochondria have likely not been identified herein, this is the first study to report increased mitofusin-1 and -2 in the hearts of DOX ϩ ET and DOX ϩ RESV mice. Interestingly, it was recently reported that the prevention of heart failure by RESV in Dahl salt-sensitive rats involved increased expression of mitofusin-1 and -2 (35) . In addition, the induction of mitofusin-2 expression was associated with the attenuation of DOX-induced LV dysfunction by cyclosporin A. These findings suggest that this potential mechanism should be explored with further experiments to determine whether mitofusin-1 and -2 are required to mediate the positive effects of ET and RESV in the hearts of DOX-treated mice and determine whether these mitochondrial changes translate into improved mitochondrial respiration by cardiac myocytes.
We showed that RESV attenuated the inhibition of SERCA2a expression by DOX, suggesting that RESV also prevented impaired calcium handling, thereby improving myocardial contractility. Whereas these observations are consistent with beneficial reductions in ROS and the rescue of MnSOD and SERCA2a expression in the hearts of modest ET and RESV mice, they do not explain how RESV improves the percent LVEF and fractional shortening to a greater extent than modest ET in mice treated with DOX. Given that RESV is a molecule with pleiotropic effects (10), further work is required to identify additional molecular pathways in the heart that are targeted by RESV and protect against DOX-induced cardiotoxicity. It is possible that other organ systems could contribute to the reduction in ROS by-products, although we did not observe changes in the expression of MnSOD, GSPHx, or catalase in soleus muscle tissues of the mice in this study. That said, we did not directly measure ROS production in the heart so we cannot completely rule out changes in ROS production from being involved in how RESV provides significant benefits for LVEF beyond modest ET in mice treated with DOX.
Currently, a diagnosis of DOX-induced cardiotoxicity results in lowering the dosage or discontinuation of DOX at the expense of lowering the antineoplastic activity associated with the administration of higher dosages (34) . Despite this strategy, some patients develop LV dysfunction even after chemotherapy has been completed (20) . Therefore, the need to protect the heart from cardiotoxicity while maximizing the anti-cancer benefits of therapeutic agents is essential for the long-term health and survival of patients. While randomized controlled trials demonstrate that supervised ET is a safe and tolerated adjunct during chemotherapy (7, 22) , adherence to even a modest exercise program may be difficult for most patients (19) . Indeed, a large heart failure trial found a nonsignificant reduction in rehospitalizations and mortality in patients randomized to ET, which may be attributed to insufficient exercise intensity to significantly improve clinical outcomes (31) .
Based on what we know about ET in patients undergoing chemotherapy, our results are particularly exciting because they suggest that RESV could be used to prevent the cardiotoxic effects of DOX in patients that are unable to perform exercise while undergoing chemotherapy. At present, the only small molecule approved for the prevention of anthracyclineinduced cardiotoxicity during chemotherapy is dexrazoxane (40, 47) . However, dexrazoxane is limited in its clinical use since some studies suggested it interfered with anthracycline activity and diminished oncologic efficacy (40, 47) .
While the present study employed a cancer-free mouse model of chronic DOX treatment to avoid the confounding variables involved with malignancy, it is reasonable to assume that the cardioprotective effects of modest ET and RESV will extend to rodents with tumors. Indeed, RESV is a particularly appealing molecule since several studies suggest that RESV is an anti-cancer agent on its own (see Ref. 17 for review). Furthermore, it was recently reported that RESV inhibits the growth of DOX-resistant B16 melanoma cells and sensitizes a variety of cancer cells to DOX-mediated apoptosis (14) . Nevertheless, it will be important to evaluate the antineoplastic effects of DOX in mouse models of cancer undergoing concurrent ET and/or RESV treatment in future experiments.
In conclusion, our findings have important clinical implications for the prevention and/or treatment of DOX-induced cardiotoxicity in the oncology setting.
